1. Introduction {#s0005}
===============

Schistosomiasis is a chronic, debilitating disease caused by blood-dwelling trematodes of the genus *Schistosoma*. The global health impact of schistosomiasis is second only to malaria. According to a recent World Health Organization (WHO) report, 239 million people were infected with schistosomiasis ([@b0255]). In sub-Saharan Africa alone, an estimated 150,000 deaths per year were attributable to schistosomiasis ([@b0245]). In addition, people infected with schistosomes may have increased susceptibility to other infectious diseases such as HIV/AIDS ([@b0205]). It resulted in up to 70 million disability-adjusted life years (DALYs) lost annually. This number exceeds that of malaria and tuberculosis, and nearly equivalent to the DALYs lost from HIV/AIDS ([@b0075]). Despite the impacts described, the aggregate health impact of schistosomiasis is often underestimated because of the complexity of evaluating the disease ([@b0100]).

Considerable effort has been made in vaccine development, which has been unsuccessful so far ([@b0140]). Current treatment of schistosomiasis relies on the drug praziquantel (PZQ), which was developed in the late 1970s ([@b0215]). PZQ has been widely used as an effective means to control schistosomiasis. However, PZQ does not treat early infection or prevent reinfection ([@b0125]). In addition, available evidence indicates the emergence of PZQ resistance by schistosomes ([@b0050; @b0065; @b0085]). For example, investigations in Egypt, Senegal and Kenya revealed different degrees of PZQ drug resistance in *Schistosoma mansoni* ([@b0085; @b0145; @b0240]). Moreover, recent efforts to expand mass chemotherapy administrations using PZQ ([@b0250]) might accelerate the emergence of drug resistance in schistosomes.

Some antiparasitic drugs like artemether and mefloquine, both antimalarial drugs, as well as miltefosine, an antileishmanial drug, have shown antischistosomal activity ([@b0040]). Administration of these drugs with or without PZQ is currently under evaluation ([@b0060; @b0095; @b0260]). However, it is important to keep in mind the multi-use of antimalarial drugs may put the control of malaria at risk. This is likely due to the co-occurrence of schistosomes and malaria in most endemic areas and also the well-documented ability of *Plasmodium* to develop drug resistance. An older drug, oxamniquine, is no longer manufactured because it is only effective against one species of schistosome, *S. mansoni*. Additionally, it has been found to possess undesired side effects and promote drug resistance ([@b0065]). Some new drug candidates such as the antioxidant inhibitors, oxadiazoles ([@b0200]), and some protease inhibitors ([@b0010]) have promising potentials against a schistosome infection, but have yet to reach clinical trials. Developing drugs for neglected tropical diseases is largely ignored; i.e., out of 1599 new drugs developed worldwide from 1975 to 2004, only 21 were for patients with neglected tropical diseases ([@b0180]) despite the large numbers of infected individuals worldwide. Developing a new drug in general is very complicated, only one in ten drug projects at the discovery phase progress to clinical development ([@b0035]). Thus to alleviate these challenges, efforts to explore and discover novel "hit" and "lead" chemotherapeutic compounds are continually undertaken.

In the search of new candidates of alternative antischistosomal drugs, we tested the antischistosomal activities of 45 compounds that had been reported to possess antiparasitic and/or antimicrobial activities. We found that two plant-derived compounds, plumbagin and sanguinarine, possess potent antischistosomal activities. In this paper we describe the antischistosomal activities of the two compounds as well as the morphological changes and tegumental changes observed in the worms after treatment with the two compounds.

2. Materials and methods {#s0010}
========================

2.1. Parasites {#s0015}
--------------

NIH strain *S. mansoni* (NIH-SM-PR2) was maintained in the laboratory using the M line snail *Biomphalaria glabrata* and mice as intermediate and definitive hosts, respectively ([@b0275]). All procedures of schistosome infection and mouse perfusion were conducted in accordance with protocols approved by the University of New Mexico Institutional Animal Care and Use Committee.

2.2. Compounds {#s0020}
--------------

If not otherwise stated, all chemical reagents were purchased from Sigma (<http://www.sigmaaldrich.com/united-states.html>) and are listed below. The number in parenthesis is the catalogue number of the product: albendazole (A4673), amodiaquin dihydrochloride dehydrate (A2799), anacardic acids (A7236), apicidin (A8851), arachidonic acid (A9673), artemether (A9361), atovaquone (A7986), berberine chloride hydrate (14050), bisdemethoxycurcumin (B6938), chelidonine (54274), chloroquine diphosphate salt (C6628), closantel (34093), curcumin (C1386), diclofenac sodium salt (D6899), dipyridamole hydrochloride (D9766), docosahexaenoic acid (D2534), doxycycline hyclate (D9891), ethacrynic acid, etazolate hydrochloride (E1896), halofantrine hydrochloride (H9414), humic acid (53680), 2-hydroxy-1,4-naphthoquinone (H46805), ibuprofen (I4883), lapachol (I2905), levamisol hydrochloride (31742), macrocyclic lactone (437026), mebendazole (M2523), mefloquine hydrochloride (M2319), methylene blue (M9140), metronidazole (M3761), miltefosine (M5571), 2-methoxy-1,4-naphthoquinone (189162), 1,2-naphthoquinone (346616), oxantel pamoate (O4755), oxfendazole (34176), praziquantel (P4668), pyrantel pamoate (P6210), piperazine (80621), plumbagin (P7262), pyrimethamine (46706), primaquine bisphosphate (160393), quine (22620), sanguinarine (S5890), sulfadoxine (S7821), sulfadiazine (S8626), and trichostatin A (T8552).

2.3. Culture of schistosome worms with compounds {#s0025}
------------------------------------------------

All adult schistosome worms were collected from mice after 42--45 days post exposure to *S*. *mansoni*. Stock solutions of individual chemical reagents were prepared in dimethylsufoxide (DMSO) (EMD Chemicals) and stored in −30 °C. The final concentration of DMSO in all treatments, including control, was 1% (v/v). The enriched RPMI (eRPMI) 1640 culture medium contained 25 mM HEPES, 10% fetal bovine serum (FBS), 125 units/ml each penicillin and streptomycin (all from Gibco) ([@b0055]). The worms were washed with eRPMI three times and placed into a 6-well plate. In each well, 20--50 worms were cultured in 5 ml culture medium. For the control, the worms were treated with equal amounts of DMSO alone. The worms were cultured at 37 °C in an atmosphere of 5% CO~2~. The criterion for classifying dead worms was made according to [@b0060] and [@b0130] with a more stringent modification as described below. The plate was agitated slightly to ensure better parasitic visibility and then placed under a stereomicroscope. Worms that did not exhibit motility, particularly in the mouth region, for two minutes were considered dead.

The measurement of length of worms was conducted under a Zeiss Axioskop 2 Plus Mot Plus microscope. A high-resolution microscopy camera, AxioCam HRc, was used to photograph the worms. After photography, the curve line in the middle of worm body was drawn to represent the actual length of the worm and exact length of the worm was calculated by a computer connected to the microscope.

With regard to effect of compounds on mortality of cercariae, 50--120 cercariae were placed into a 24-well plate. For a given compound, triplicates at each concentration were performed. Live cercariae show very active movement, thus if no movement was observed, cercariae exhibiting no movement for one minute were considered dead under the Zeiss stereo microscope (Discovery V8). In addition, the death of cercariae as described above was also verified by the propidium iodide staining method ([@b0055]).

2.4. Scanning electron microscopy (SEM) study {#s0030}
---------------------------------------------

After the adult worms were incubated in the medium that contained either compounds to be tested or a DMSO control, worm samples were collected and washed with fresh eRPMI two times. Worm samples were then washed two more times with phosphate buffer saline (PBS) for 10 min. each at room temperature (RT) to remove any residual compounds and/or media before fixing. Next, samples were fixed in 2.5% glutaraldehyde in PBS buffer (0.1 mol/L, pH 7.4) overnight at 4 °C. After fixing for 24 h, samples were washed with PBS four times for 10 min. each at RT. Samples were dehydrated in a series of ethanol washes (25%, 50%, 70%, 75%, 85%, 95% and 100% ethanol) for 10 min each at room temperature. The 100% ethanol wash was performed two times. Samples were critically point dried, mounted on carbon paste and coated with gold/palladium before examining with the JEOL 5800LV scanning electron microscope.

3. Results {#s0035}
==========

3.1. Plumbagin and sanguinarine exhibit potent antischistosomal activities *in vitro* {#s0040}
-------------------------------------------------------------------------------------

The compounds that resulted in 100% mortality at a concentration of 50 μM after four days were further investigated. Among the 45 compounds tested (as listed in the Section [2](#s0010){ref-type="sec"}), six compounds (PZQ, plumbagin, sanguinarine, curcumin, mefloquine and miltefosine) met the criterion and received further investigation.

Among the six compounds depicted in [Fig. 1](#f0005){ref-type="fig"}, the antischistosomal activity of PZQ was the most effective. In addition, the efficacy of plumbagin and sanguinarine were better than that of curcumin, mefloquine or miltefosine.

Given the relatively minor antischistosomal effect of curcumin, mefloquine and miltefosine compared to plumbagin and sanguinarine, as well as the data published for the antischistosomal activity of the compounds, we focused in the subsequent studies on the effect of different concentrations of plumbagin and sanguinarine on the mortality of the worms ([Fig. 2](#f0010){ref-type="fig"}). Investigation revealed that all worms were killed by either of the two compounds within 6 h at 50 μM. At a concentration of 30 μM, the time required for 100% mortality for sanguinarine and plumbagin we found to be 6 and 12 h respectively. At a concentration of 10 and 5 μM, the time to reach full mortality for sanguinarine was 24 and 72 h, respectively and the time to reach full mortality for plumbagin at these concentrations was 48 and 96 h, respectively. Taken together, this study demonstrates that both compounds possess potent antischistosomal effects and that sanguinarine is more effective against adult worms than plumbagin.

Finally, we compared the effects of plumbagin and sanguinarine and other compounds described in [Fig. 1](#f0005){ref-type="fig"} on the killing of cercariae ([Fig. 3](#f0015){ref-type="fig"}A). Our study indicated that cercariae are much more sensitive to the chemicals than adult worms. Similarly, the efficacies of the compounds tested on killing cercariae were somewhat consistent with those of the worm experiments described above. We found that sanguinarine displayed the strongest anticercariae effect amongst the compounds investigated. Notable still, plumbagin possessed similar schistosomicidal effects to that of PZQ. Moreover, we found the plumbagin caused a high percentage of separation of cercariae heads from tails whereas sanguinarine resulted in fewer separations. While plumbagin caused muscle contractions, which lead to the splitting of the head from the tail, sanguinarine seemed to simply paralyze the cercariae ([Fig. 3](#f0015){ref-type="fig"}B).

3.2. Plumbagin leads to worm contraction, but sanguinarine does not {#s0045}
-------------------------------------------------------------------

In addition to the profound *in vitro* schistosomicidal effects described above, we also noted that the morphological appearance of the dead adult worms treated by the two compounds was quite different ([Fig. 4](#f0020){ref-type="fig"}). Adult worms treated with plumbagin became contracted, immobile and at times, appeared tightly coiled. The length of dead male and female worms after treatment with plumbagin was respectively about 54% and 70% of the length of worms incubated with DMSO (*P* \< 0.01). Conversely, no such morphological changes were observed in the sanguinarine-treated worms in both sexes, as compared to the control group ([Fig. 4](#f0020){ref-type="fig"}A and B).

3.3. Both compounds can cause tegumental alterations, but each compound exhibits different effects on the tegument {#s0050}
------------------------------------------------------------------------------------------------------------------

To better understand the effects of the compounds on the worm tegument, the interface between host and parasite, we used SEM to examine the surface membrane of worms under different treatments. We found that both compounds significantly damaged the worm's tegument ([Fig. 5](#f0025){ref-type="fig"}). Interestingly, in most cases, plumbagin showed prominent alterations of the tegumental surfaces, usually with disintegration of tubercles and often times accompanied by a decrease in the number of spines. Emergence of holes on the surface was also observed ([Fig. 5](#f0025){ref-type="fig"}C and D). Sanguinarine treatment resulted in severe erosion and disintegration of the tegumental surface between tubercles, however the tubercles and spines were relatively intact. In fact, some tubercles did not display spine loss while other tubercles simply had fewer spines ([Fig. 5](#f0025){ref-type="fig"}E and F). For both compounds, the tegument of female worms after treatment are shown to varying degrees of swelling and cracking ranging from minimal to moderate throughout the anterior and posterior tegumental ridges/fissures.

4. Discussion {#s0055}
=============

In this study, 45 compounds that had been reported to possess antiparasitic and/or antimicrobial activities were selected for our antischistosomal experiments. Among them, six compounds (plumbagin, sanguinarine, PZQ, curcumin, mefloquine and miltefosine) were found to possess schistosomicidal activity based on the criterion of our experiment (e.g., 100% mortality at a concentration of 50 μM for four days). The antischistosomal activity of PZQ was the most profound amongst all compounds tested and the efficacy of the two compounds identified (plumbagin and sanguinarine) were better than that of curcumin, mefloquine and miltefosine, the three compounds known to possess schistosomicidal activity. Curcumin, a plant-derived compound, has been recently studied as a potential antischistosomal drug ([@b0025; @b0115; @b0110]). The antimalarial drug, mefloquine, ([@b0095; @b0265]) and the antileishmanial drug, miltefosine ([@b0060]) have also recently been tested as alternative drugs for schistosomiasis based on animal models or small clinic trails. Thus our comparative study suggests plumbagin and sanguinarine have significant potentials as novel antischistosomal chemotherapeutics.

Although we did not observe discernible antischistosomal activity in many agents (listed in the Section [2](#s0010){ref-type="sec"}, but not shown in [Fig. 1](#f0005){ref-type="fig"}), it does not necessarily mean those compounds do not have such an effect. For example, artemether has been reported to possess an antischistosomal effect ([@b0005; @b0260]). Others, such as pyrantel pamoate, oxantel pamoate, levamisol, mebendazole, albendazole, oxfendazole, metronidazole and piperazine, have also been reported to possess certain levels of anthelmintic effects, particularly in antinematode responses ([@b0135; @b0030; @b0155; @b0240]), but they showed very limited antischistosomal activities in our *in vitro* comparative study. The reason we did not find apparent antischistosomal effects in our experiments for these compounds may be due to our use of relatively low concentrations of the chemicals, which might have reduced the chance of observing antischistosomal activity. Another plausible explanation for why we did not observe antischistosomal effects for the compounds that others did, especially in nematodes, may be due to a high phylogenetic divergence between nematodes and trematodes. Nematodes and trematodes belong to the two superphyla of protostomes, Ecdysozoa and Lophotrochozoa, respectively. It is predicted that molecular structure of drug-related receptors and relevant pathways are quite different, which will affect the efficiency of a given drug. Nevertheless, our study suggests that plumbagin and sanguinarine have better efficacy against schistosomiasis than all the other compounds tested in our investigation.

Our study shows that a concentration of 10 μM (equivalent to 1.88 μg/ml for plumbagin and 3.68 μg/ml for sanguinarine) of both compounds resulted 100% mortality at 48 h. WHO's definition and activity criteria for hits and leads sets inhibition of 100% motility of adult worms at a concentration of 5 μg/ml (*in vitro*) and 80% worm reduction after five injections at a dosage 100 mg/kg body-weight/day (*in vivo*) ([@b0080]). Clearly, plumbagin and sanguinarine meet WHO's criterion for "hit" compounds and are effective against schistosomes. Moreover, our comparative studies revealed that the *in vitro* antischistosomal effects of the two compounds is better than other antischistosomal drugs such as artemether, mefloquine, miltefosine and curcumin that are under current investigation as alternative therapies ([@b0025; @b0225; @b0060; @b0095; @b0260; @b0265; @b0110]). These exciting findings provide a strong impetus to investigate the *in vivo* efficacy of plumbagin and sanguinarine on schistosomes in the future.

In addition to the antischistosomal activity described, it is intriguing that the morphological appearance of the dead worms after treatment with plumbagin and sanguinarine is quite different. Worms treated with plumbagin become withered while worms treated with sanguinarine show no apparent changes in appearance after death. It seems that plumbagin causes muscle contraction, but sanguinarine does not. This change is similarly observed in experiments of cercariae, where muscle contraction caused by plumbagin may be responsible for the high rate of head separation observed ([Fig. 3](#f0015){ref-type="fig"}B). Taken together, these differences imply there are at least two different mechanisms involved in the parasite's death. Based on the observations, it seems that plumbagin affects muscle function because of the muscle contraction observed. In the case of sanguinarine, it paralyzes the worms, potentially through the nervous system. Due to the complexity of drug mechanisms and their mode of action, comparative investigation of these differences using molecular approaches may reveal the fundamental mechanism(s) of killing the parasites, which in turn, can facilitate the design of new drugs to combat schistosomiasis.

Another intriguing phenomenon we observed is that plumbagin and sanguinarine, although possessing different effects on schistosomes, can both alter the tegumental structure of the worms; i.e., both compounds damage the tegument, thus implying their antischistosomal effect may increase in the host. This is due to the fact that the tegument is the interface between the host and parasite and harbors large amounts of molecules that constitute very complicated structures. It is well recognized that the parasite's surface membrane and tegumental integrity play a vital role in immune evasion, modulation and nutrient uptake and thus ensure worm survival in the host. Profound damage caused by the two compounds observed here could alter tegumental structure and stability. In addition to the direct effect on the survival of the worms, tegumental alteration might result in exposing the typically unexposed parasite antigens to the host's immune system. As a result, treatment with plumbagin and sanguinarine might increase the vulnerability of parasites in the host and thus further enhance the efficiency of the compounds at killing schistosomes *in vivo*.

Plumbagin and sanguinarine are plant-derived products ([@b0185]). Exploring natural products has long been considered an ideal alternative for the development of new drugs ([@b0070]). According to data of all approved agents from 1981 to 2006, about 50% of new drugs were directly or indirectly derived from natural products ([@b0160]). With respect to parasitic diseases, many compounds isolated from plants have proven to be the mainstay in anthelmintics and antimalarial therapy. For example, there are notable plant-derived antiparasitic drugs such as quinolone alkaloids against *Leishmania amazonensis* and indole alkaloids against *Plasmodium* and *Entamoeba* ([@b0090]). Three major antimalarial drugs, chloroquine, atovaquone and artemisinin, are derived from plants ([@b0165]). Chloroquine was synthesized based on the structure of quinine, a component of the tree bark *Cinchona* spp. that was used to treat malaria 400 years ago ([@b0015]). Atovaquone was structurally derived from lapachol, originally purified from *Tabebuia* spp. Artemisinin was extracted from *Artemisia annua* and many more effective drugs such as artemether were designed based on the artemisinin ([@b0150]). In light of these discoveries, similar efforts on schistosomiasis should be emphasized ([@b0190]). Although a few plant products have been screened for activity against schistosomes ([@b0045; @b0195; @b0025; @b0120]), presently no antischistosomal compounds have been purified and reported.

Plumbagin is one of the simplest secondary plant metabolites of the three major families, *Plumbaginaceae*, *Droseraceae* and *Ebenaceae*. It exhibits many highly potent biological activities including activation of apoptosis, induction of redox cycling and modification of chromatin structure. Plumbagin and its derivatives can act as an antioxidant, anti-inflammatory, anticancer, antibacterial and antifungal agents ([@b0170]). Additionally, plumbagin is capable of inhibiting the drug efflux mechanism in drug-resistant bacteria, thereby allowing intracellular accumulation of potent drug molecules. With regard to an antiparasitic role, evidence showed that plumbagin possesses antifilarial activity by inhibiting trypanothione and glutathione S-transferases ([@b0230; @b0220]).

During the process of submission of our manuscript, we noted that a paper describing the antischistosomal role of plumbagin was published ([@b0105]). Although the effect of plumbagin on mortality of larvae (cercariae) and the morphology of adult worms was not described in the paper, the published paper and ours provide independent evidence supporting an antischistosomal role of plumbagin on adult worms. The slight differences observed between the two reports in terms of efficacy *in vitro* and tegumental changes may be due to the different strains of *S. mansoni* used in each investigation.

Sanguinarine is derived from the root of *Sanguinaria* spp and possesses a wide spectrum of biological assets including antimicrobial, antioxidant and anti-inflammatory properties. Sanguinarine can induce apoptosis in malignant cell types and interact with chromatin and modulate it epigenetically ([@b0210]). Active efforts have been made to develop sanguinarine and its derivatives as anticancer agents ([@b0235; @b0175]). A recent study has also revealed sanguinarine's role in killing the fish parasite *Ichthyophthirius multifiliis* ([@b0270]). Our data presented here provides the first evidence suggesting an antischistosomal role of sanguinarine.

Previous studies have shown that plumbagin and sanguinarine have a wide array of medical and health applications, hence it would not be surprising if they additionally possess potent antischistosomal activities. Both compounds belong to naphthoquinones, a large family of chemical compounds. A recent study suggested that a slight modification of some napththoquinone compounds could increase antileishmanial activity ([@b0020]). This might imply that the compounds, if designed properly, may be an effective antischistosomal therapy. In fact, we have already confirmed that some analogs of the two compounds have a similar antischistosomal activity (data not shown), implying the two chemicals identified in this study can serve as basic compounds for development of novel chemotherapeutics to control schistosomiasis in the future. Given the broad spectrum of documented pharmacological activities exhibited by the compounds, they continue to be the subject of extensive studies to evaluate possible therapeutic applications in human health. This will make future development of the two compounds as antischistosomal therapy relatively easy.
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![*In vitro* antischistosomal activities. Effect of compounds at various concentrations on the mortality of schistosome worms under culture conditions. The data was generated from three independent studies and the time (day) of death was determined based on two or three consistent experiments. No obvious mortality in control groups (DMSO) was observed within 4 days of worm culture or 4 h of cercariae culture. The final concentration of DMSO is 1% (v/v) for all experiments. Note that the intervals on the *X*-axis are not equal.](gr1){#f0005}

![Effect of various concentrations of plumbagin and sanguinarine on the survival of worms. The average percent of live worms is shown. The average percentages were generated from three independent experiments and the bars show the range of live worm percentages in the experiments. Note that the intervals on the *X*-axis are not equal.](gr2){#f0010}

![Effect of compounds on the survival of cercariae. (A) The effect of various concentrations of compounds on cercariae mortality. The data was generated from three independent studies and the time (hour) of death was determined based on two or three consistent experiments. Note that the intervals on the *X*-axis are not equal. (B) Upper (a) and lower (b) images showing cercariae after treatment with plumbagin and sanguinarine, respectively.](gr3){#f0015}

![Comparison of morphological differences of the dead worms after treatment with plumbagin (PBG) and sanguinarine (SGR). (A) Morphological appearance of dead schistosome worms after treatment with sanguinarine (left) and plumbagin (right) (under a microscopic field). (B) Actual average size of dead worms (male and female) after treatment with either sanguinarine, plumbagin or DMSO (control). No significant difference was found between sanguinarine and DMSO control in either sex.](gr4){#f0020}

![SEM images showing teguments of male (left panel) and female worms (right panel) after culture with DMSO (A, B), plumbagin (C, D) and sanguinarine (E, F). (A) and (B) show SEM image of the normal tegument of male and female worms. Male teguments shows hill-shaped tubercles covered with pointed spines and a convoluted surface of the tegumental membrane between tubercles. The female tegument does not have tubercles and spines and appears like a field plowed surface. (C) Shows a SEM image of a male worm exposed *in vitro* to plumbagin at a concentration of 10 μM for 24 h. Tegumental surfaces are damaged usually with disintegration of tubercles accompanied by a decrease in the number of spines. In addition, there were varying degrees of disintegration of the tegumental surfaces including peeling, wrinking and blebbing. (D) Among the female worms treated with plumbagin at a concentration of 10 μM for 24 h, the worms displayed moderate damage when compared to male damage of the tegumental surface. Holes and divots are prevalent throughout the tegument. (E) SEM image shows the tegument of an adult worm exposed *in vitro* to sanguinarine at a concentration of 10 μM for 24 h. Distortions of the tegumental surfaces can be seen usually with severe erosion and disintegration of the tegumental surface between tubercles. The holes and broken surface are visible. (F) Female worms treated with 30 μM sanguinarine for 8 h displayed varying degrees of swelling and cracking ranging from minimal to moderate throughout the anterior and posterior tegumental ridges/fissures.](gr5){#f0025}
